Finally, developed formulations are implemented into the computer code "HULLST", and the modified code is applied to the analysis of collapse behaviour and ultimate hull girder strength of MV "Energy Concentration."
Introduction
A ship's hull is basically a box girder structure composed of a number of plates and stiffeners, and is in equilibrium in the sea under the action of static and dynamic local pressure loads arising from buoyancy and sea waves, which are neutralising other loads such as hull and cargo weights. These global forces will create the cross-sectional forces such as shear force and bending moment, which produce stresses and strains in the structural elements. Among these sectional forces, the most predominant one is the vertical bending moment about the horizontal neutral axis in longitudinal waves.
Because of the high stresses this moment may produce in the deck and the bottom of a ship's hull girder, these regions may suffer failure due to the buckling or yielding.
Consequently, the structural response to this load component has received enough attention during recent years to get its own nameUltimate Longitudinal Strength-. 
where ƒÀ = b/t•E•ãƒÐY/E is the slenderness parameter of the plate, and b and t are the breadth and the thickness of the panel, and ay and E are the yielding stress and the Young's modulus of the material. The value of womax given by Eq. ( 2 ) is the average magnitude of measured initial deflection of ship plates14)15).
To consider the plate continuity, it is assumed that the plate is simply-supported along its four edges which remain straight while subjected to in-plane movements.
The influence of welding residual stresses is considered according to the formulations in Ref. 16 ). The fundamental procedure to derive the average stressaverage strain relationship for plate elements is the same as that described in Ref. 8 ) except the introduction of the influence of lateral pressure.
2. 2 Elastic large deflection analysis (ELDA) When a plate is subjected to combined thrust and lateral pressure, the sequence of loading affects very little on the final collapse mode and strength17). So, in the present paper, lateral pressure is first applied to a specified value, and then longitudinal thrust is exerted.
It is known that a continuous plate subjected to uniformly distributed lateral pressure deflects in a clamped mode in each panel partitioned by stiffeners. This mode is approximated by a single component as : The maximum deflection for this state is expressed as wq=4B,. Then, in the following elastic large deflection analysis of a plate subjected to longitudinal thrust, the plate is assumed to have initial deflection of a hungry-horse mode of which magnitude is 13,, and is simply supported along its four edges.
When the compressive load acts in the direction of the longer side of the plate, only one term of sinusoidal deflection mode is amplified and becomes stable above the buckling load12). This stable mode does not necessarily coincide with buckling mode, but is usually one or two higher-order mode than the buckling mode. From these points of view, it is enough to consider only the stable deflection component in the initial deflection as : (7) where in is the number of half waves of a stable mode. Total deflection of the same mode is assumed and elastic large deflection analysis is performed. Details are described in Refs. 8) and 16).
The influence of plate-stiffener interaction and lateral pressure on the elastic buckling strength is considered by introducing magnification factors to the buckling strength14),18) for simply supported condition.
2. 3 Rigid-plastic mechanism analysis (RPMA) With increase in the applied load, yielding starts and the ultimate compressive strength is attained. Beyond the ultimate strength, the load carrying capacity decreases with the increase in the end-shortening displacement. This behaviour can be well simulated by performing rigid-plastic mechanism analysis. Detail of this analysis is described in Ref. 8) .
2. 4 Derivation of average stress-average strain relationship Typical average stress-deflection and average stressaverage strain relationships are shown in Fig. 2( a) and ( b ), respectively.
The procedure to get the average stress-deflection and average stress-average strain relationships of the plate under longitudinal thrust can be described as follows : 1) From the origin (point 0) to the initial yielding point (A), the solution of elastic large deflection is used. 2) The ultimate strength of the plate (point B) under combined thrust and lateral pressure is accurately predicted using proposed formulae in Ref. 19 ). 3) Between points A and B, and also between points B and C, appropriate curve-fittings are performed. 4) After point C, the solution of rigid-plastic mechanism analysis is used. 5) After obtaining average stress-deflection relationship, the average stress-average strain relationship is derived by using strain-deflection relationship considering geometrical nonlinearity. The details are described in Refs. 8) and 20). Fig. 4 ( a) . The shaded part corresponds to the crosssection of a stiffener element composed of a stiffener and attached plating. The stiffener between points 1 and 2 in Fig. 4 ( b) is considered as a stiffener element.
(a) Cross-section
The initial deflection of a sinusoidal mode shown in Fig.  4 ( b) is assumed for this element. This element is subjected to axial load, P, and uniformly distributed lateral pressure, go.
To derive the average stress-average strain relationship of the stiffener element, three basic assumptions are made as : 1) Attached strips of plating behave according to the average stress-average strain relationship obtained in Chapter 2. 2) Stiffener material is assumed to follow an elastic -perfectly plastic stress-strain relationship .
3) Plane cross-section remains plane and the strain varies linearly over it. The fundamental procedure to derive the average stress-average strain relationship for stiffener elements is also the same as that described in Ref. 8 ) except the introduction of the influence of lateral pressure.
3.2 Derivation of average stress-average strain relationship In Ref. 21 ), a thorough investigation was performed on the collapse behaviour of stiffened plates subjected to combined thrust and lateral pressure. It was found that under small to moderate levels of lateral pressure, the stiffened plate collapses in an Eulerian buckling mode, as shown in Fig. 5( a ) . On the other hand, under high lateral pressure levels, collapse of clamped mode is observed as indicated in Fig. 5 ( b) .
The elastic deflection at midspan of a beam-column subjected to combined thrust, P, and lateral pressure, q, is approximated as : (8) sponds to the deflection in Fig. 5( a ) , and the second term to that in Fig. 5( b ) . The elastic deflection along the span is assumed as :
In the present method, lateral pressure is first applied to a specified level, and then the thrust load is applied. Depending on the relationship among ao, q and P, the stiffener element may deflect in the same directions or in the opposite directions in the adjacent spans.
After yielding starts, plastic deflection, wp, which
gives constant curvature at the mid-span region is introduced, and the total deflection is expressed as a sum of the elastic and plastic components as8) : 
To derive the average stress-average strain relationship, curvatures are imposed at both ends of the element, and determine the elastoplastic stress distributions which produces P1, P2, M1, M2, WI and W2 which satisfy Eq. (13). This procedure is carried out step by step increasing the imposed curvature. The ratio of the curvatures at both ends for the next step is determined using the present curvature expressed as : (14) where From these viewpoints, further improvement is necessary for the case with high lateral pressure.
4.
Analysis of Hull Girder
1 Smith's Method
The procedure of the Smith's method for progressive collapse analysis of a hull girder can be summarised as follows6) ,7) 1) The cross-section is subdivided into small elements composed of plates and stiffened plates. 2) Their average stress-average strain relationships are derived by the analytical method explained in Sections 2 and 3.
3) The curvatures of the cross section in two perpendicular directions are given incrementally, assuming that the plane cross-section remains plane
and that bending takes place with respect to the instantaneous neutral axes. 4) At a certain incremental step, the in-plane rigidity of the elements are obtained using the slope of average stress-average strain curve at each specified strain. Fig. 9 ( b) . In Fig. 9 ( b) , the dashed line represents the results when On the other hand, other lines represent the moment-curvature curves when elements behave following the average stress-average strain curves shown in Fig. 9 ( a ) . It is known that a fully plastic bending moment can not be sustained in the cross-section because of the buckling.
The stress distributions corresponding to the selected points on the moment-curvature relationship of the case with the draught of 12 metres has been shown in Fig. 10 . At point ( a ), the initial local collapse takes place in the deck by yielding in tension.
With 2) The ultimate longitudinal strength of MV "Energy Concentration" calculated by the developed computer code "HULLST" is in good agreement with the estimated applied still water bending moment at her collapse in hogging.
3) The influence of local pressure loads on the ultimate bending moment of the whole crosssection is not significant for the considered ship and the draught condition. In the present study, the effect of transverse thrust arising from the action of pressure loads on the side shell was not considered. Inclusion of this effect remains as future work. 
